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Abstract 

Burn injuries represent a major life-threatening event that impacts the quality of life of patients 

and place enormous demands on the global health care systems. This study introduces the 

fabrication and characterization of a novel wound dressing made of core-shell hyaluronic acid 

-silk fibroin/zinc oxide nanofibers for treatment of burn injuries. The core-shell configuration 

enables loading zinc oxide (ZO)—an antibacterial agent—in the core of nanofibers, which in 

return improves the sustained release of the drug and maintains its bioactivity. Successful 

formation of core-shell nanofibers and loading of zinc oxide are confirmed by transmission 

electron microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR) and energy 

dispersive X-ray (EDX), respectively. We examined the antibacterial activity of the dressings 

with ZO concentrations in the range of 0-5 wt% against Escherichia coli and Staphylococcus 

aureus and showed that addition of ZO improved the antibacterial property of the dressing in a 

dose-dependent fashion. However, in vitro cytotoxicity studies showed that high concentration 

of ZO (>3 wt.%) is toxic to the cells. In vivo studies indicate that the wound dressings loaded 

with ZO (3 wt.%) substantially improved the wound healing procedure and significantly 

reduced the inflammatory response at the wound site.  Overall, the dressing introduced herein 

holds great promise for the management of burn injuries.   
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1. Introduction 

Burn injuries represent a major life-threatening and life-altering event that significantly affects 

the quality of life of the patients. A recent report from the World Health Organization (WHO) 

estimates 180,000 deaths per year as a result of burn injuries with the majority of incidents 

occurring in low- and middle-income countries [1]. The damages caused by burns are painful 

and can significantly compromise the integrity and protective function of the skin and establish 

a dangerous avenue for infections leading to the delayed wound healing process [1-3]. The gold 

standard for treatment of burn injuries is to use autografts [4]. However, the limited skin donor 

sites and high risk of infection restrict their applications [5, 6]. Traditional dresvb sings, e.g., 

gauze and cotton wool without bioactive components are used in clinics as a typical way to 

cover the wound. Unfortunately, this methodology does not have positive effects on 

accelerating the wound healing process. As such, recent efforts have been focused on designing 

advanced dressings containing stem cells, antibiotics, and bioactive molecules that facilitate 

wound regeneration [7, 8].  

An ideal wound dressing should absorb wound exudates, provide thermal insulation and 

mechanical protection to the wound, prevent bacterial colonization, allow gas and nutrient 

transportation, and reduce the local inflammation response [9, 10]. Different methods are 

developed to fabricate advanced wound dressings, including the use of textile methods, 

hydrogel sheets, and electrospinning [11-13]. Electrospinning is a simple, cost-effective, and 

powerful technique for fabricating polymeric nanofibers with different structures, including 

porous [14], hallow [15], or core-shell fibers [16]. Core-shell electrospun nanofibers compared to 

the single structure nanofibers have gained more popularity as they enable delivering multiple 

bioactive molecules with different release kinetics, avoiding any damage of loaded drug from 

severe environments by incorporation of drug in core, enable sustained release for longer time 

period along with minimizing the burst release, and superior mechanical properties [17-19].  

Among various biomaterials for wound management, hyaluronic acid (HA) has obtained more 
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attention as it is the major component of the extracellular matrix (ECM) and plays a major role 

in the wound healing and tissue regeneration process [20]. It has been shown that HA can 

modulate the three main phases of the wound healing process, including inflammatory 

responses, migration of cells, and angiogenesis through interactions with specific cell receptors 

[21]. However, the poor mechanical properties, high swelling ratio, non-controlled drug delivery 

and fast degradation rate of HA limit its application in wound dressing applications [22, 23]. 

Previous studies have shown that the improvement of HA functional properties has been 

possible by blending HA with other polymers such as chitosan, collagen, polycaprolactone, and 

gelatin [24, 25]. Recently, polysaccharide blending with other proteins has gained more attention 

due to its resemblance to ECM composition, biocompatibility, and positive effect on promoting 

the wound healing process [26, 27]. Silk is composed of two main proteins including silk fibroin 

(SF) and sericin. The sericin protein as a glue wraps around fibroin and can be removed by a 

thermochemical process [28]. SF is a good candidate to blend with other polymeric phases due 

to its excellent mechanical properties, biocompatibility, biodegradability, oxygen permeability, 

and effective wound healing [29-31]. 

Infection is a major clinical challenge for patients with burn injuries as it can significantly delay 

the wound healing process and increase the length of hospitalization [32]. Wound dressings 

impregnated with antibacterial nanoparticles made of silver, gold, and zinc oxide (ZO) have 

been extensively used in the literature [33-35]. Some investigations have reported the mild 

hepatotoxic effects of nano silver-loaded wound dressings [36]. In comparison, the unique 

properties of ZO that improves epithelialization and enhances the local defence system reduces 

bacterial infection and inflammation [37, 38]. Indeed; in a recent in vivo study, Kumar et al. [39] 

have reported that chitin hydrogel-based wound dressings impregnated with ZO nanoparticles 

accelerated the healing process and increased collagen deposition when compared to traditional 

gauze. In another study, Chhabra et al. [40] showed that the incorporation of ZO into gelatin-

based wound dressing could inhibit bacterial growth. They observed faster wound healing 
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compared to the ZO-free wound dressings. This material is now standard antimicrobial therapy 

for management of wounds in second or third-degree burns [41, 42]. 

In the present work, we report a novel wound dressing made of HA-SF/ZO composite core-

shell nanofibers with antibacterial properties for the treatment of infections in burn injuries 

(Figure 1). The properties of the fabricated electrospun mats including its structural 

morphology, hydrophilicity, drug delivery, and antibacterial activity were investigated. 

Moreover, the effects of ZO concentrations on the proliferation and attachment of dermal 

fibroblast cells were assessed in vitro and compared with those of electrospun mats without ZO. 

In particular, we compared the difference in wound contraction as well as the inflammatory 

response, and formation of new collagen among groups of rats with second-degree burn 

wounds. 

 

2. Results and discussions 

2.1. Morphological characterization of core-shell nanofibers 

SEM was used to evaluate the morphologies of the electrospun fibers and determining fiber 

diameters. The morphology of the HA-SF coaxial nanofibers containing different 

concentrations of ZO with diameter distribution histograms can be observed in Figure 2a-d. 

From the SEM images, it was observed that all composite fibers had uniform, circular cross 

section, porous, and bead-free structures. The mean fiber diameters were determined as 155±11 

nm in HA-SF, 164±15 nm in HA-SF/1ZO, 178±17 nm in HA-SF/3ZO, and 189±15 nm in HA-

SF/5ZO. Accordingly, the fiber diameter distributions were slightly wider in HA-SF/ZO fibers 

when compared with that of the ZO-free HA-SF fibers. In fact, it was found that increasing the 

ZO content resulted in an increase in fiber diameter as a result of higher viscosity. Similar 

observations were also reported by other studies that the incorporation of agents and particles 

into electrospun solutions affected the fiber diameters of the electrospun mats through changes 
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in solutions’ rheological properties [43, 44]. This theory was confirmed by Liao et al. [45], who 

showed that the concentration of ZO particularly affected the fiber diameter of electrospun ZO-

polyvinylpyrrolidone (PVP) nanofibers. They found that the polymer solution containing higher 

concentration of ZO induce the formation of thicker ZO-PVP composite fibers due to the 

increase of polymer viscosity. The presence of ZO nanoparticles within composite core-shell 

fibers was further confirmed by energy dispersive X-ray (EDX) mappings, as shown in (Fig. 

S1b). Acordingly, EDX elemental mapping showed the homogenous distribution of ZO within 

HA-SF/5ZO nanofibers. Furthermore, the EDX elemental spectrum (Fig. S1c) of the selected 

area in the SEM image found signals related to the Zn that further confirm the successful doping 

of ZO nanoparticles within electrospun fibers.  

The structure of coaxially electrospun HA-SF fiber was further characterized by TEM to 

ascertain the fine ultrastructural features of the core-shell structure. The results are shown in 

Figure 3a. The HA-SF electrospun fiber had an obvious core–shell structure. The dark zone in 

the TEM image indicated the core layer of 56.42±8 nm in diameter and the brighter region was 

the shell layer with diameter of 149±5nm. Such core-shell structure was achieved by the quick 

stretching of nanofibers followed by rapid evaporation of the organic solvent from the fibers 

during the electrospinning process. 

 

2.2. FTIR analysis 

FTIR analysis was performed to further study of structural changes and chemical composition 

of HA-SF/xZO fibers during electrospinning. Figure 3b shows the FTIR spectra of neat SF, HA 

nanofibers, SF-HA, and SF-HA/ZO composite fibers. Referring to neat SF, the characteristic 

peaks were observed at 1,650, 1,540, and 1,240 cm-1, representing amide I (C = O stretching), 

amide II (N-H bending), and amide III (C-N stretching), respectively [46]. The IR spectra for 

HA consists of two main peaks at 1415 and 1045 cm-1, which represented the carboxylate 

symmetric stretching and C−O−C stretching vibration of HA skeleton [47]. In addition, the peak 
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at 1255 cm-1 assigned to the stretching region of group protonated COOH [48]. After compositing, 

SF-HA the characteristic peaks of HA overlapped with the peaks of SF and new peaks appeared 

at 1150 and 1080 cm-1 that indicated the amide and ester linkage. This link was formed between 

HA and SF due to the reaction between hydroxyl groups of HA with amine groups of SF, which 

most often formed by the condensation of an alcohol and an acid, with elimination of water. 

The ester linkage contains the functional group C=O joined via carbon to another oxygen atom 

[49]. Furthermore, the appearance of new peaks located at 3900 and 1925 cm−1 could be 

observed in the HA-SF/ZO composite fibers, but not in the other components, which 

represented the successful incorporation of ZO into HA-SF core-shell nanofibers. 

 

2.3. Wettability  

Wettability and water uptake capacity is one of most important factor for evaluating the rate of 

fluid absorption of wound dressings particularly for exudates wounds. Wound dressings with 

ability of fluid absorption, facilitate wound healing rate during the rehydrating necrotic tissue, 

absorbing wound exudates, and nutrient and waste transporting [50]. An ideal wound dressing 

should possess optimal swelling capacity since high swelling ratio can result in disturbing the 

wound dressing function due to the blocking the porosity, less oxygen diffusion to the wound 

site and less adhesion to wound in order to deliver theraputic agents, while low swelling 

capacity would impair wound healing procedure [51, 52]. The water-absorption capacities of the 

HA and HA-SF/ZO electrospun mats after 24 h of immersion in PECF (simulated wound fluid) 

is presented in Figure 4a. As expected, the HA electrospun mats have showed highest swelling 

ratio (151.49±4.42%) due to the high density of hydrophilic groups and its amorphous nature 

[53]. However, The water uptake percentage decreased for the HA-SF/ZO core-shell nanofibers 

to around 85.43±1.56 % in HA-SF, 85.23± 0.79 % in HA-SF/1ZO, 87.29± 0.91 % in HA-

SF/3ZO, and 87.53± 1.45% in HA-SF/5ZO. The ZO contents did not significantly affect the 

wettability of the scaffolds (p>0.05). This reduction in water uptake in HA-SF/ZO core-shell 
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fibers compared to the plain HA can be explained by the existence of SF that contains high 

density of hydrophobic domains, i.e., protein crystals with high degree of crystallinity[54]. These 

results suggest that incorporation of SF into HA with a core-shell structure can improve the 

stability of HA by reducing the swelling ratio. Similar results were reported by Hu et al.[55] that 

blending HA hydrogel with SF improved the stability of HA by reducing the swelling capacity 

of hydrogel.  

Contact angle is another method to measure the wettability of a surface of wound dressings, 

which has a key role in controlling water loss in an open and wet wounds and also in supporting 

cell adhesion[56, 57]. Figure 4b represents the water contact angle of prepared nanofibres. The 

HA nanofiber showed the lowest water contact angle (66.88±0.8°) while those of the core-shell 

HA-SF/ZO fibers were around 77.45±0.5°. The contact angle of HA-SF/ZO core-shell 

nanofibers are pretty close to the contact angle of tissue culture plates (75.6°). This result 

indicated that the fabricated nanofibers could potentially support cell adhesion. In fact, the 

optimum water contact angle value for fibroblast attachment was determined in the range 

between 65°-75º [58].  

 

2.4.  In vitro degradation 

The degradation rate of drug loaded wound dressings have a direct effect on the stability of 

loaded drugs, drug release profile, toxicity and mechanical stability [59]. One strategy to control 

the release rate of drugs from wound dressings is by controlling the degradation rate of material. 

Fast degradation rate of wound dressings can result in the burst release of drugs and can lead to 

high cell cytoxicity [60]. Furthermore, the progress of wound healing process depends on the 

epithelization rate which is synchronized with polymer degradation rate resulting in completion 

of healing process in a given time frame [61].  

Weight loss profile for HA and HA-SF/ZO electrospun dressings has been evaluated through 

degradation tests in PBS to assess hydrolytic degradation. Fig. 4c shows the weight loss (%) of 

https://www.sciencedirect.com/topics/materials-science/wettability
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samples during 1-week incubation in PBS. It can be observed that, mass loss is the highest for 

HA in which 63.2±5% of the studied electrospun mat degraded after 1 week. Such value 

decreased to 28.99±2.35 % in HA-SF, 29.20± 1.69 % in HA-SF/1ZO, 24.65± 1.76 % in HA-

SF/3ZO, and 23.57 ±2.55% in HA-SF/5ZO. This behavior could be explained by reducing the 

water uptake capacity of HA-SF/ZO mats due to the presence of hydrophobic SF as a core that 

inhibit further penetration of PBS to the wound dressing which leads to bond cleavage reduction 

and and consequently reduce the hydrolysis process. This finding was consistent with the results 

obtained by Raia et al.[62]. This indicated that incorporation of SF to HA hydrogel slowed down 

its degradation rate significantly.  

 

2.5. In vitro ZO release study 

The continuous and controlled release of antibacterial drugs from wound dressings are an 

important factor to prohibit bacterial infection [63] . The total ZO release data for HA/5ZO and 

HA-SF/1-5ZO is presented in Figure 4d. Among all of samples, HA/5ZO displayed a 

characteristic one-stage release, which high portion of ZO released at a short time period (22 

h). This high rate of release in short time in HA/5ZO sample can be attributed to the fast 

degradation rate, low crystallinity and hydrophilic nature of HA. As showed in Fig. 4d, the 

core-shell nanofibers displayed biphasic release behaviour with a small initall burst release 

followed by a sustained release. Initially, the burst release of ZO around 11–22% during the 

first 6 h occurred through the release of the ZO, which was physically adsorbed or weakly 

bounded to the polymer nanofibers [64]. Subsequently, the rate of ZO release was slowed over 

the period of 14 days due to the diffusion mechanism and slow degradation rate of the SF 

nanofibers [65]. These results indicated that the bacterial infection might be controlled for over 

14 days by using our ZO-incorporated core-shell nanofibrous structures. This core-shell 

structure wound dressings will decrease the frequency of dressing changes in comparison with 

the traditional cream-based treatment, which requires daily attention [66, 67]. 
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2.6. Tensile tests 

Wound dressings should be robust enough to facilitate handling and sterilization before use and 

withstand the skin tensions post-application. In addition, nanofibrous scaffolds need to be 

mechanically supportive for cell growth and remodelling [68]. The tensile test results for pure 

electrospun SF, HA, and core-shell nanofibers are summarized in Table 1. According to Table 

2, the elastic modulus for HA-SF/1ZO (6.79±0.21MPa), HA-SF/3ZO (7.12±0.17MPa), HA-

SF/5ZO (7.68±0.22 MPa) were significantly lower than that of pure SF (8.87±0.13) and higher 

than that of pure HA (4.27±0.19). A similar trend also was also observed for ultimate tensile 

strengths. by contrast, the breaking at strain for HA-SF/ZO (39.03±0.23%), HA-SF/3ZO 

(40.12±0.18%), HA-SF/5ZO (32.78±0.12%) were higher than that of pure SF (10.12±0.18). 

These results can be assigned to this fact that  SF is very brittle biomaterial  with high tensile 

strength due to the secondary structures of crystalline β-sheets [69]. Furthermore, Enhanced 

flexibility and elongation at break of SF upon blending with other polymers has been reported 

before, which related to the formation of flexible intermolecular interactions by hydrogen 

bonding and decreasing the crystalline regions when blended with SF [70, 71].  Altogether, these 

results suggested that the HA-SF/x(ZO) core-shell fibers were mechanically appropriate for 

skin tissue engineering and wound dressings application as the tensile strengths ranging from 

0.8 to 30 MPa were reported to be sufficient for applications in skin tissue engineering [72, 73]. 

 

2.7. Antibacterial study 

The antibacterial activity of wound dressings has a key role for wound care , since they 

accelerate wound healing rate by reducing wound bacterial colonization and infection[74]. The 

antibacterial performances of all samples are shown in Figure 5. The inhibitory activities of 

nanofiber mats on the growth of both bacteria were determined through the disc diffusion and 

CFU tests. The ZO-loaded nanofibers showed zones of inhibition against both bacterial strains. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bacterial-colonization
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However, no antibacterial performance was observed for pristine SF-HA nanofibers (Figure 

5a). After the incorporation of ZO particles into SF-HA mats, the mean diameters of inhibition 

zones for E. coli increased to 1.21±0.10 mm in HA-SF/1ZO, 2.68±0.11 mm in HA-SF/3ZO, 

and 2.93±0.12 mm in HA-SF/5ZO after 24 hours incubation. A same inhibition pattern was 

observed for S. aureus bacterium. The diameters of the inhibition rings were enlarged with 

increasing the amount of ZO, starting at 1.83±0.09 mm in HA-SF/1ZO, 2.98±0.11 mm in HA-

SF/3ZO, and reaching 3.37±0.12 mm in HA-SF/1ZO. Figur 5b presents the antibacterial 

activities of all samples through the CFU assay after 24 h of incubation with the bacteria. More 

colonies of E. coli and S. aureus were formed (Figure 5b) in the bacterial medium agar Petri 

dish consisting of pristine HA-SF fibers. However, the formations of number of E. coli colonies 

after adding the different concentrations of ZO (1, 3, and 5%Wt) in HA-SF composite 

nanofibers were reduced to 267±7, 79±3, and 28±2, respectively. The numbers of formed S. 

aureus colonies were 116±3 in HA-SF/1ZO, 42±2 in HA-SF/3ZO, and in 6±1 HA-SF/5ZO. 

These results suggested that HA-SF/xZO fibers have proper antibacterial activity.  

According to the previous studies two possible mechanisms for the antibacterial activities of 

ZO-loaded composite fibers can be assigned (Figure 6) : (i) induction of oxidative stress in 

bacteria due to the production of ROS species like H2O2, O2-,OH-; and: (ii) direct or electrostatic 

contact of Zn2+ ions with the cell surfaces, which result in damaging the bacterial cell 

membranes [75-77]. Furthermore, the results showed that the antibacterial activity of ZO-loaded 

nanocomposite fibers was greater against S. aureus compared to E. coli. This observation might 

be due to that the structure and the chemical compositions of the cell walls between E. coli and 

S. aureus are different. E. coli cell wall consists of lipid A, lipopolysaccharide and 

peptidoglycan, while S. aureus cell wall comprises of only a simple peptidoglycan layer [78, 79]. 

Similar finding was reported by Becheri et al. [80] that , ZO nanoparticles showed greater 

antibacterial activity on gram-positive (S. aureus) than the gram-negative (E. coli) bacteria. 
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They suggested that the outer layer of gram positive S. aureus may facilitate ZO adhesion onto 

the cell wall whereas the surface of gram-negative bacteria may repeal this adhesion. 

 

2.8. Cell study 

The biocompatibility is another factor that should be considered during the selection of 

biomaterials for fabrication of wound dressings, since biocompatible wound dressings can 

enhance cell migration, promote angiogenesis and connective tissue regeneration [81]. We 

evaluated the cytotoxicity of HA-SF electrospun mats containing different amounts of ZO (0, 

1, 3, and 5% Wt.) on HaCat cells in vitro. Cells were grown with the electrospun mats for 7 

days and their metabolic activity was measured on days 3 and 7 post-culture. Pristine HA-SF 

electrospun mats exhibited no cytotoxicity to cells during the studied periods (Figure 7d). We 

noticed a ZO dose-dependent cytotoxicity to HaCat cells for nanofibers containing ZO. The 

samples showed good cell proliferation after 7 days in culture for up to 3% ZO doping. HA-SF 

nanofibers with 3% ZO significantly improved cell proliferation in comparison to the other 

groups. However, HA-SF/5ZO mats showed significant decline (p<0.05) in cell viability. It is 

noteworthy that the cell viability exposed to HA-SF/5ZO extracts declined by increasing culture 

time from 3 days (90.41 ± 1.69 %) to 7 days (85.64 ± 1.84 %) as a result of more release of ZO. 

Moreover, the distributions and viabilities in terms of cell death of 3-day cultured HaCat cells 

on the HA-SF nanofibers containing different concentrations of ZO were evaluated using SEM 

as well as confocal microscopy after live/dead cell staining (Figure 7a-b). More live cells and 

cell spreading were observed in the HA-SF/3ZO group (Figure 7a and b). The cells connected 

with each other and covered most of the HA-SF/3ZO surface. In comparison, the HA-SF 

nanofibers with 5 wt.% ZO showed lower cell density and more dead cells. These results 

indicated that ZO had a stimulating impact on HaCat cell proliferation and attachment. These 

findings might be related to the positive role of zinc on metabolic processing, ECM regulation, 

stimulation the proliferation of epidermal cells (keratinocytes and fibroblasts), increase of 
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collagen synthesis, wound healing modulation, and stabilizing cellular membranes [82-84]. 

However, the samples indicated a decreased potency to support cell adhesion and proliferation 

when ZO amount was over 5 wt.%. Similar results were also reported by other studies that 

higher ZO amount in scaffolds had detrimental impacts on the cell attachment and proliferation. 

Cell apoptosis was reported for 3.5 wt.% ZO-doped scaffolds [85, 86].  

Cells attach and spread on the surface of biomaterials by cytoskeleton assembling that mainly 

compromised of protein complexes called focal adhesions [87, 88]. Cytoskeleton assembly occurs 

through the integration between receptors to immobilized ligands. The nano-scale topography, 

stiffness and nanoparticle concentration considered as most important factors that can affect 

adhesion assembly [88, 89]. Fluorescent immunostaining was carried out to investigate the effect 

of ZO concentration on the cytoskeleton morphology and shape of HaCat cells. Figure 7C 

shows the cytoskeleton morphology of attached cells on the surface of  nanofibrous mats. As 

can be seen,  HaCat cells attached and spread on all electrospun mats. However, HA-SF 

nanofibers with 1% and 3% ZO significantly improved cell spreading since cells displayed 

healthy spindle-like or star-like shape with more filopodial structures. In comparison, cells 

cultured on HA-SF/5ZO showed a rounded morphology with less filopodial structures. Similar 

finding was also reported by a previous study, which showed that low concentration of ZO 

nanoparticles (2 wt.%) within poly (vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) 

electrospun fibers resulted in improving cell spreading and cell elongation, while higher 

concentration of  ZO over 4 wt.% demonstrated less cell adhesion and spreading [90]. 

 

2.8.1. Scratch assay 

To evaluate the effects of each wound dressings on keratinocyte migrations, the in vitro wound 

healing assay was conducted. The distance gaps were similar across all the samples during the 

first hours (Figure 8). After 24 h, the treatment with HA-SF/3ZO significantly enhanced the 

migration of HaCat cells towards the open area when compared to the other groups, which about 
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more than 70% of scratched area were closed. The entire gap was covered for the HA-SF/3ZO 

treated group after 48 h. However, efficient migration was not observed for HA-SF/5ZO group 

(65.07±1.47%), which could be contributed to the cytotoxicity of this sample. From these 

findings, we concluded that the wound dressings containing 3%wt. of ZO had a positive effect 

on keratinocyte migration and wound healing. This study could not provide the detailed insight 

in to how ZO stimulates keratinocyte migration and their proliferation. However, there are some 

other studies, which support our observations. Barui et al. [91] reported that ZO promoted the 

migration of HUVECs cells and accelerated the closing rate in scratch assay. Another study 

showed that zinc activates the MAPK signalling pathway in HaCat cells, which promoted 

wound healing [92]. Besides positive effect of ZO in HA-SF/3ZO samples on  HaCat migration 

and wound healing,  many studies have shown that HA as a main component of the ECM of 

basal keratinocytes in epidermis involves in the proliferation and migration of keratinocytes in 

the wound healing process [93, 94]. For example, Choi et al. showed that HA improved the HaCat 

migration during wound healing process by activation of ERK and NF-κB signaling 

pathways[95].  

 

2.9. In vivo results 

2.9.1. Wound closure 

For in vivo experiments, the HA-SF/3ZO composite nanofiber was selected because of its good 

performance including high biocompatibility, antibacterial performance, and faster in vitro 

wound healing activity. Its wound healing efficiency was compared with the ZO-free HA-SF 

nanofibers and gauze (control) groups. Both nanofiber mats adhered well to the surface of the 

wound area and could be easily detached without causing any damage to the wound site. In the 

wound healing process, it is important that the wound dress is able to integrate well with the 

wound site for management of exudatives as well as the drug release to accelerate the process 

of wound healing [96]. Figure 9 depicts the images of the burn wounds after 0 and 7 days of 
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dressing. At day 7, HA-SF and HA-SF/3ZO mats led to 33.13±2.31% and 55.02±1.35% wound 

closure, respectively. These values were significantly higher than the 21.69±1.25% wound 

closure observed in the gauze-treated groups (p*<0.05). The obtained data revealed that the 

wound treated with HA-SF/3ZO wound dressings healed and contracted faster in comparison 

to the other groups. This higher percentage of wound contraction in the HA-SF/3ZO group 

might be assigned to the presence of ZO. Many investigations have also shown that ZO has a 

positive effect on stimulation and migration of epithelial cells and keratinocytes, accelerating 

the wound closure [40, 91]. 

 

2.9.2. Histopathological analysis 

Histopatholgical staining was used to investigate the effects of prepared wound dressings on 

second-degree burn wound injuries. After 7 days of burn treatment, the mice were sacrificed to 

collect their skin tissues, which treated with different groups. From H&E and MT stainning 

(Figure 10 a,b) we observed the regenerated epidermis (RE)  at 7 days post wounding  in all 

groups. However, the thickness of RE was greater for HA-SF/3ZO groups when compared with 

other groups. The wounds treated with HA-SF/3ZO showed bigger healing zone and higher 

level of collagen formation  with minimum inflammatory cell infiltration than the other 

treatment groups. However, the gauze and HA-SF treated groups still had inflammatory cell 

infiltration. In addition, the granulation tissue also observed in the wound dressing treatment 

groups, whereas the content was much bigger in the HA-SF/3ZO treated group. Many new 

blood vessels could be seen in HA-SF/3ZO  groups, which were vital for continuation of the 

healing process. Another noticable difference in HA-SF/3ZO treated groups after 7 day post 

treatment was that the number of hair follicle cells and sebaceous glands were much greater 

than other groups.  

The deposited collagen and cellular products at the site of wound were distinguished by using 

MT staining, and the images are shown in Figure (10b). Expansions of collagen deposition were 
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noticable in the HA-SF/3ZO treated group. This is the sign of early organization of wound in 

comparison  to other groups. The existance of a cluster of newly formed collagen fibers was 

remarkable in the newly formed granulation tissue of HA-SF/3ZO wound dressings on day 7 

after treatment, while loose collagen fibers with lower density were detected in the gauze treated 

groups. In HA-SF/3ZO group we observed the assemblages of collagen fibers.The dark and 

light blue coloured clusters indicated the stiff and loose collagen fibers, respectively. The MT 

results showed that the thickness of newly formed epidermis in  HA-SF/3ZO treated groups are 

much greater than other groups.  

The HA-SF/3ZO wound dressing material advanced the early stage of wound healing process 

and subsequently remodeling of burned skin during 7 days of treatment. This results can be 

attributed mainly to the presence of ZO and HA, respectively. Many in vivo studies have 

showed  that topical zinc oxide treatments has significant impact on reducing wound debris, 

accelerate wound healing process and advanced epithelization [82]. It has been shown that zinc 

plays a key role in modulating every stage of the wound healing process; ranging from cell 

migration and proliferation , oxidative stress, coagulation, inflammation and immune defense, 

tissue re-epithelialization,  angiogenesis and ECM production [97]. In addition, Lansdown et al. 

[82] have reported that matrix metalloproteinases (MMPs), as zinc-dependent protein, play a key 

role in wound healing. The inhibition of MMP activity as a result of Zinc-deficiency 

significantly delays wound healing. 

The HA also considered as one of the main players in the wound healing process. It has been 

proven to regulate with specific HA receptors, inflammatory responses, synthesis of collagen, 

cellular migration/prolifration, and angiogenesis, which are the main phases of wound healing 

[98]. Some series of HA receptors occur on cell surfaces which has critical role at each stage of 

wound healing; most importantly including CD44 and RHAMM [99]. Interaction of HA with 

CD44 receptor have been implicated in a series of regulating the inflammatory responses, 

providing angiogenesis and neovascularization, cell prolifration and reepithelialization [100]. 
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Furthermore, the HA receptor RHAMM regulates cell migration, activation of cytoskeletal 

proteins and protein kinases, reduced inflammation and fibrogenesis in wound [101, 102]. 

 

 

2.9.3. Immunohistochemical staining 

Figure (10. c, d) depicts immunohistochemical CD68-stained wound sections with quantitative 

analysis of CD68+ cells (/high power fields) after 7 days of treatment with gauze, HA-SF, and 

HA-SF-3ZO. CD68 is monocyte/macrophage stainning marker to investigate inflammatory 

stage in wound[26]. Qantitative results revealed that number of macrophages was more in both 

gauzes (87.33±4.64 cells/high power field, HPF) and SF-HA-treated (58.33±3.68 cells/HPF) 

groups in comparison to SF-HA/3ZO treated animals (28±2.9 cells/HPF) at 7 days post-injury 

(Figure 8d). The results indicated that the burn wound treated with HA-SF/3ZO nanofiber 

significantly decreased the number of macrophages and inflammation due to the presence of 

ZO. The ZO as an anti-inflammatory agent by decreasing the malondialdehyde level and 

blocking the pro-inflammatory cytokines including Interleukin-1 (IL-1), Interleukin-1Beta (IL-

1β), and Tumor necrosis factor- Alpha (TNF-α) decreases the inflammatory response in burned 

wound [103, 104]. In addition, other reports further revealed that ZO mediated the TLR/NF-ĸB 

inflammatory signalling pathway, which is associated with decreased inflammation [38]. 

 

3. Conclusion 

In this study we fabricated a new HA-SF/ZO wound dressing that consisted of a core-shell 

structure, was biocompatible, and possesses highly effective antibacterial properties for burn 

wound treatment. The core-shell structure of HA-SF nanofiber was examined through TEM 

observation. The different concentrations of ZO were successfully incorporated into HA-SF 

nanofibers using co-electrospinning technique. The compositions of fabricated nanofibers and 

presence of ZO were measured with FTIR. The antibacterial investigations showed that the 
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antibacterial activities of the wound dressings were enhanced with increment of ZO content 

against both E. coli and S. aureus. The cell culture using HaCat cells demonstrated that the HA-

SF nanofibers exhibited good cell attachment, cell proliferation, and viability in culture for up 

to 3% ZO doping. Similar trend was observed in the scratch assay since HA-SF/3ZO induced 

the migration of HaCat cells. This combination was also efficient in in vitro wound healing. 

Based on the in vitro experimentations HA-SF/3ZO was chosen to validate the results to carry 

out in vivo investigation. Histopathological analysis proved that the HA-SF/3ZO wound 

dressing material enhanced burn wound healing and skin regeneration. This combination 

stimulated epidermis, hair follicles, and sebaceous glands formation, and promoted collagen 

deposition. Furthermore, immunohistopathological staining showed that the treated burn site 

with HA-SF/3ZO nanofiber matrix decreased the inflammatory response compared to the gauze 

and HA-SF groups. Being multifunctional dressing, the HA-SF/3ZO composite nanofibers 

indicated a great potential in burn treatment and wound healing. 

 
 
4. Experimental 

Materials  

Silk cocoons from Bombyx mori were obtained from Iranian silk worm research canter. Besides, 

lithium bromide (LiBr; 746479, Sigma-Aldrich, Saint Louis, USA), sodium carbonate 

(Na2CO3; 106392, Merck, Germany), cellulose dialysis tube (12 kDa MWCO, Sigma-Aldrich, 

Saint Louis, USA), formic acid (100264, Merck), absolute ethanol 99.7% (Merck, Germany), 

glutaraldehyde 25% (820603, Merck, Germany), HA (cosmetic grade, Mw = 2,000,000 Da), 

sodium hydroxide (NaOH, 97+ ACS grade), ZO nanopowder (<50 nm particle size), and 

dimethylformamide (DMF, 99.8% ACS) were purchased from Sigma-Aldrich. Ammonium 

hydroxide (NH4OH, 25% in water) was purchased from Fluka (Switzerland). All reagents used 

in this work were employed without further purification. 
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Preparation of electrospun solutions 

Initially, SF was extracted from Bombyx mori  cocoons according to our pervious study [105].  

The isolated SF was dissolved in formic acid at 13% (w/v). ZO nanoparticles in three different 

concentrations (1, 3, and 5% w/v) were added to SF solution. HA solution was prepared by 

dissolving 1.5% HA in 2:1 solution of NH4OH:DMF [106].  

 

Electrospinning of coaxial nanofibers 

Coaxial electrospinning procedure was performed at room temperature. SF solution with 

different concentrations of ZO was used as the core solution and HA solution as the shell 

solution. The code and composition of each prepared core-shell fibers are summarized in Table 

2. For electrospinning, a 5-mL capacity of syringe loaded with SF-ZO solution was connected 

to the internal needle with a 0.5-mm diameter, and HA solution was loaded in another 5-mL 

syringe connected to the external needle with a 0.8-mm diameter. After optimization, coaxial 

electrospinning was performed at 17 kV (Gamma High Voltage Research, FL, USA) with a 

constant flow rate of 0.25 mL/h. The distance between collector and needle tip kept at 12 cm.  

 

 

Characterization of core-shell electrospun mats 

Morphologies and microstructures of all electrospun mats were analyzed using scanning 

electron microscopy (SEM; Essen Philips XL 30). SEM images from approximately 50 random 

fibers were examined to assess the average fiber diameters and distributions using the image 

analysis software (ImageJ, NIH, USA). The core-shell structures of the electrospun mats were 

observed using transmission electron microscopy (TEM, FEI TecnaiG2 20 S-Twin. The 

dispersion of ZO within the SF-HA/5ZO was examinned using energy dispersive spectroscopy 

(EDX) elemental mapping. Furthermore, the Fourier-transform infrared spectrometer (FTIR, 
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PerkinElmer–Frontier, USA) was used to study the compositions of the prepared electrospun 

mats. 

Pseudo extracellular fluid (PECF) as simulated wound fluid was used for swelling 

measurements. PECF was prepared by dissolving 0.68 g of NaCl, 0.22 g of KCl, 2.5 g of 

NaHCO3, and 0.35 g of NaH2PO4 in 100 mL of double distilled water. The pH of PECF was 

adjusted to 8.5. To determine the equilibrium water uptake, the pre-weighted mats (W0) were 

immersed in the PECF swelling medium (T = 37 ◦C). At predetermined time points, the samples 

were removed and weighted (Ws). The measurements were carried out for each sample in three 

replications (n = 3). The amount of water uptake was calculated as follow [107]:  

 

Water Uptake = (𝑊𝑊s-W0)/W0  (1) 

 

To determine the weight loss of samples including plain HA, plain SF, SF-HA, HA-SF/1ZO, 

HA-SF/3ZO and HA-SF/5ZO, three disks of each electrospun fibers (diameter=8mm) with the 

initial weight of (W0) were immersed into phosphate buffer saline (PBS; pH = 7.4) at 37 ºC 

with gentle shaking. At each degradation time point, the collected samples freeze dried and 

weighted (Wd). The percentage mass loss was calculated based on the following equation [] : 

Weight loss (%) = ((𝑊𝑊0-Wd)/Wd)×100  (2) 

 

Where W0 and Wd are initial and final weights of each sample, respectively. 
 

 

In vitro drug release  

In vitro ZO release behavior from the HA-SF/ZO electrospun mats was evaluated based on our 

previous study [108]. Briefly, the samples were immersed in phosphate-buffered saline (PBS) 

and incubated at 37 °C for 2 weeks. At predetermined time points, 1 mL of the solution 
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containing the ZO was collected from each sample and was replaced by same amount of fresh 

PBS solution. The amount of released ZO was determined using an ultra-violet 

spectrophotometer (UV-spec) at its characteristic wavelength of 370 nm [109]. Three replicates 

were used to examine the reproducibility of the results. 

In vitro cell culture study 

(1) Cell culture 

Human keratinocytes (HaCat cells, Addexbio, San Diego, CA, USA) were cultured in 

Dulbecco’s Modification of Eagles Medium (DMEM; Gibco, Scotland) containing 10% fetal 

bovine serum (FBS; Gibco, Scotland), 100 μg/mL penicillin (Sigma–Aldrich, Saint Louis, 

USA), and 100 μg/mL streptomycin (Sigma–Aldrich, Saint Louis, USA) in a humidified 

atmosphere of 5% CO2 at 37 °C. The culture medium was refreshed every 2 days. 

 

(2) SEM imaging of the cells 

Triplicate specimens (n=3) of the electrospun scaffolds were cut into round disc with 10-mm 

diameter and sterilized under UV radiation. To evaluate cell adhesion on the scaffolds, 2×104 

cells per well were seeded on the surface of each nanofibrous mat and cultured for 3 days in 

48-well plate. The cells were fixed with 4% (v/v) glutaraldehyde solution in PBS at 4 °C for 30 

min. Finally, they were dehydrated in a series of ethanol/distilled water solution (10% ethanol 

increment; each step 10 min). The morphology of the attached cells on dried electrospun 

scaffolds was observed under SEM and  images were taken [110]. 

 

(3) Cell viability and proliferation assays 

After HaCat cells were cultured for 3 days on the prepared nanofibers, cell-seeded constructs 

were stained with 4-μM calcein AM (Invitrogen, San Diego, CA) and 4-μM of propidium iodide 

(Invitrogen, San Diego, CA) for 30 min. The live cells were shown in green (ex/em ~495 

nm/~515 nm). The dead cells were stained red (ex/em ~540 nm/~615 nm) [111]. The relative 
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viability of the cultured HaCat cells was determined using the indirect 3-(4,5-dimethylthiazol-

2-yl)-2,5diphenyltetrazolium-bromide (MTT, Sigma Aldrich, USA) assay based on an 

extraction method following our previously developed protocol [112]. In brief, we first incubated 

the electrospun scaffolds in cell media for 7 days to extract any possible cytotoxic content that 

may have been released from the scaffolds into the media. At each time point, the supernatant 

of each sample was collected, added to a well with HaCaT cells, and incubated for 24 hr before 

performing the MTT assay. Later, the cell medium was removed from each well and 100 μL of 

MTT agent (0.5 mg/mL in PBS) was added into each well and kept in the incubator for 4 h. 

After 4 h, 100 μL of Dimethyl sulfoxide (DMSO) was added to the well until formazan crystals 

were completely dissolved. In the end, the absorbance was read at 545 nm by using plate reader 

(Stat Fax-2100, Miami, FL, USA). We normalized the results with the readings from cells with 

control group which was the cultured cells in well plate without nanofiber samples. 

 

(4)  Immunostaining assay 

To further evaluation the effect of ZO concentration on the morphology of attached cells on 

core-shell nanofibers after 3 days of submerged culture, the cells were immunostained with E-

Cadherin and imaged. Briefly, the supernatant was removed and cells were fixed with 3.7% 

formaldehyde solution for 15 minutes. Next, samples were incubated with blocking buffer (5% 

bovine serum albumin and 0.3% Triton X100 in PBS) for 60 min at room temperature. After 

washing the samples with PBS, they were incubated with E-Cadherin antibody dilution buffer 

(Rabbit mAb Alexa Fluor® 488 Conjugate, Cell Signaling Technology, CA) at 4 °C overnight. 

Subsequently, the wells were incubated with DAPI solution (5 µg/mL) for 15 min at room 

temperature. The cells were then washed with PBS and imaged using flourscent microscopy. 

 

(5)  Scratch wound healing assay 
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HaCat cells with concentration of 1 × 105 cells/mL were seeded and cultured in the wells of a 

6-well plate and and culture plates were incubated at 37 °C for 24 h to produce confluent 

monolayers. Then, the gap with 1-mm width was created onto the monolayer of cells using a 

p200 pipette tip, and debris was removed by washing the cells twice with warm PBS. The 

electrospun mats were placed in cell strainer in order to direct release into the cell media.  Next, 

2 mL of fresh complete medium was added to each well. To determine the rate of cell migration 

for each treated nanofibers, the samples were continually imaged at 0, 12, 24, and 48 h. Images 

of the scratched regions were taken by an optical microscope (Olympus). Scratch contraction 

percentage was calculated from the distance between cell boundaries before the treatment with 

the samples and after treatment at different time points using the Image J software (NIH, USA). 

For each well, five images were taken after random selection [113].  

 

Antibacterial study 

The antibacterial activities of electrospun mats were evaluated against model microbial species 

including gram-negative Escherichia coli (E. coli, ATCC 9637) and Gram-positive 

Staphylococcus aureus (S. aureus, ATCC 12600) through the disc diffusion method. Briefly, 

about 100 µL aliquot of bacteria solution containing 1×108 bacteria cells/mL reconstituted in 

nutrient broth and previously sub-cultured was spread onto an agar petri dish. Electrospun mats 

with 6-mm diameter were placed on the surfaces of the Petri dishes and incubated at 37 °C for 

24 h. Gentamicin discs were chosen as positive control. Finally, the diameters of the inhibition 

zones were measured using ImageJ. Furthermore, the antibacterial activities of all samples were 

evaluated through the colony-forming unit (CFU) test [114]. Briefly, the fresh colonies of two 

bacteria strains were suspended into nutrient broth medium and incubated for 24 h at 37 °C. 

Afterward, the prepared solutions were diluted to the concentration of 107-108 cells/mL (OD = 

0.08-0.1 at 625 nm). Then, the prepared samples were kept into bacterial solutions and 

incubated in a shaker incubator at 37 °C with a shaking speed of 100 rpm for 24 h. The bacterial 
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suspension without any nanofibers was considered as a negative control. After that, 10 µL of 

bacterial medium treated with different samples was removed and spread onto an agar plate, 

incubated at 37 °C for another 24 h. Finally, the number of viable bacterial cells were counted 

using ImageJ. 

 

Animal study 

Sprague Dawley rats (350-400 g, 6-8 weeks old) were obtained from Pasteur Institute and 

acclimatized for one week before experimentation. Animal experiments were performed 

following the policies and procedures of the Institutional Animal Care and Use Committee at 

Faculty of Veterinary Medicine University of Tehran. The all rats were intraperitoneal 

anesthetized by injection of a mixture of ketamine (80 mg/kg) and xylazine (1.2 mg/kg), and 

then the dorsal surface of animals was shaved by clippers and dried. A second-degree burn was 

induced by applying an 85 °C hot plate (0.5 cm in diameter) for 10s. the wound lesions were 

photographed by a camera [115]. Afterwards, the rats were randomly divided in three groups 

(five rats/group) as follows: burns with gauze treatment, burns treated with ZO-free HA-SF 

wound dressing, and burns treated with HA-SF/ZO (3%) wound dressing. After 7 days, the 

wound dressings were removed and the amounts of wound closure was calculated as follows 

[116]: 

 

Wound closure (%)= ((A0-At)/A0)×100                                        (3) 

 

where A0 and At are the initial wound area and the wound area at time t, respectively. 

Afterwards, the rats were euthanized using lethal dose of ketamine/xylazine (3X anaesthesia 

dose). The tissues of the treated wounds were harvested for further pathological investigations. 

 

(1) Histological and immunohistochemical staining 
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The wound tissue sections were collected on day 7. The tissues were fixed in formalin (10%) 

and were subsequently embedded in paraffin. The tissue blocks were cut into 4-µm sections. 

The obtained sections were deparaffinisedin xylene and stained with haematoxylin and eosin 

(H & E). The collagen formation was evaluated by Masson’s trichrome (MT) staining. These 

sections were observed under a light microscope (Olympus BX51) [117]. 

To identify the anti-inflammatory responses of the prepared wound dressings and macrophage 

contents within the wound area, the tissue sections were stained with CD68 according to 

previously developed protocols [118, 119]. Briefly, tissue sections were fixed in 4% 

paraformaldehyde for 30 min. Afterward, the sections were blocked for non-specific protein 

binding with 5% bovine serum albumin (BSA) in PBS for 10 min. Then the sections were 

incubated with the primary monoclonal mouse anti-mice CD68 antibodies (1:100 dilutions; 

Serotec, Raleigh, NC) at 4 ºC in a moist chamber overnight. The sections were washed three 

times with 0.1% Tween (in PBS). The slides were then incubated with the secondary Dylight 

488-conjugated goat anti-rat IgG antibody (1:300 in 1% BSA/PBS) in a moist dark chamber at 

room temperature for 1 h.  The slides were washed with 0.1% Tween in PBS three times prior 

to the staining of nuclei with 4’,6-diamidino-2-phenylindole (DAPI, 1:100) in a moist dark 

chamber at room temperature for 5 min. Finally, the slides were mounted in fluorescence 

mounting medium (Vectashield) for observations under a microscope. 

 

Statistical Analysis 

The quantitative data were expressed as means ± standard deviations using a one-way analysis 

of variance with SPSS 16.0 (SPSS, USA). p < 0.05 was considered statistically significant. 
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Figure Captions 
 
 

 

Figure 1. Schematic illustration showing the fabrication of antibacterial HA-SF/ZO 

nanofibers with core-shell structure and application for burn treatment 
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Figure 2. The SEM images and histograms showing the diameter distribution of the fibres 

formed; (a) HA-SF, (b) HA-SF/1ZO, (c) HA-SF/3ZO, and (d) HA-SF/5ZO (scale bar = 2µm). 

MD: Mean diameter (nm) 
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Figure 3. (a) The TEM image of the HA-SF nanofiber with distinguished core-shell structure, 

(b) the FTIR spectra of HA, SF, HA-SF, and ZO-loaded HA-SF nanofibers. 
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Figure 4. Water uptake, weight loss percentage and drug release profile of electrospun fibers. 

(a) water uptake percentage after 24 h soaking in PECEF, (b) statistic of water contact angle 

with shapes of a water droplet on corresponding nanofibers, (c) weight loss profile of samples 

over 1 week in PBS and (d) ZO release from different electrospun fibers (p*<0.05, p**<0.01, 

p***<0.001). 
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Figure 5. The evaluations of antibacterial activities of different samples against E. coli and S. 

aureus bacteria (a) disk diffusion method (b) CFU test (S1: HA-SF, S2: HA-SF/1ZO, S3: HA-

SF/3ZO, S4: HA-SF/5ZO). 
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Figure 6. Schematic illustration of antibacterial mechanism of released ZO from HA-SF/ZO 

nanofibers. 
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Figure 7. The cell results. (a) SEM images of culture cells for 3 days, (scale bar = 50 µm). (b) 

Live and dead staining of cultured HaCat cells on nanofibers containing different amount of 

ZO for 3 days. (c) Fluorescent immunostaining of cells adhering to the mat surfaces after 3 days 

of culturing (yellow arrows showing the filopodial structures) (d) Indirect MTT assay of 

different mats over 7 days of culturing (p*<0.05, p**<0.01). 
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Figure 8. In vitro wound healing scratch assay. (a) Schematic illustration of scratch assay, (b) 

micrographs of the extent of closure for the evaluation of cell migration over 48 hours and (c) 

wound contraction rate as a function of time (p*<0.05, p**<0.01). 
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Figure 9. The wound closure results. (a) The pictures of wound contraction rates on days 0 and 

7 of control, HA-SF-, and HA-SF-3ZO-treated groups. (b) Graphical representation of 

percentages of wound contractions on various days (p*<0.05 and p**<0.01). 
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 Figure 10. The histopathological results including the bright field microscopic images of (a) 

H&E, (b) MT, and (c) CD68 immunohistochemically stained wound sections.  (d) The number 

of CD68 macrophages per high power field (HPF) after 7-day post injury with three different 

type of treatments (H: hair follicles; BV: blood vessels; F: fibroblast; C: collagen deposition; 

IC: inflammatory cells; SG: sebaceous glands; CF: collagen fibers; SG: sweat glands; E: 

epidermis, scale bars = 100 µm). 
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Table 1. the mechanical properties of different electrospun mats 

Sample code 
Tensile modulus 

(MPa) 

Ultimate tensile 

(MPa) 

Breaking strain 

(%) 

SF 8.87±0.13 36.38±2.21 10.12±0.18 

HA 4.27±0.19 19.50±1.18 27.01±0.21 

HA-SF/1ZO 6.79±0.21 22.75±2.33 39.03±0.23 

HA-SF/3ZO 7.12±0.17 26.65±2.94 40.12±0.18 

HA-SF/5ZO 7.68±0.22 28.76±2.18 32.78±0.12 

 

 

Table 2. The codes and compositions of prepared core-shell electrospun mats. 

Code SF (%Wt.) HA (%Wt.) ZO (%Wt.) 

HA-SF 13% 1.5% 0 

HA-SF/1ZO 13% 1.5% 1 

HA-SF/3ZO 13% 1.5% 3 

HA-SF/5ZO 13% 1.5% 5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


